Introduction {#Sec1}
============

Tobacco smoking is a worldwide epidemic that represents the second major cause of death and the fourth most common risk factor for disease. According to the World Health Organization, "it is the only legal drug that kills up to half of its users when used exactly as intended by manufacturers", representing the major preventable cause of persistent disability and death in developed countries^[@CR1],[@CR2]^. Smoking is broadly associated with several diseases, including chronic obstructive lung disease, lung cancer, coronary heart disease, cerebrovascular disease and cancer^[@CR3]^. Furthermore, the negative effects of tobacco smoking on tissue regeneration have been singled out as a major issue of concern in public health and clinical practice. Several processes relevant to wound-healing, such as white blood cell recruitment, susceptibility to bacterial infection, fibroblast migration and proliferation, wound contraction and re-epithelialization, as well as extracellular matrix production, have all been reported to be aggravated in smokers^[@CR4],[@CR5]^. Also, exposure to both first- and second-hand cigarette smoke, has been associated with impaired wound healing, and is correlated with worse surgery outcomes across all surgical specialties^[@CR6]^. Additionally, the habit of smoking has been shown to increase the likelihood of surgical problems, as well as many postoperative complications, such as a higher incidence of infection and wound dehiscence after plastic surgery procedures^[@CR7]^. Chronic exposure to cigarette smoke has been reported to have adverse effects on bone fracture repair and ligament healing that include heightened pain, longer hospitalization periods, and increased rate of hospital readmission^[@CR8]--[@CR10]^. Furthermore, smoking is considered a risk factor for non-healing and major amputation diagnosis in patients undergoing diabetic foot ulcer surgical treatment^[@CR11]^, while a negative impact in number, size and overall healing of pressure injuries have also been reported^[@CR12]^. On the other hand, smoking cessation is considered to be key for optimal health care delivery for patients with critical limb ischemia^[@CR13]^ and clinical procedures involving the musculoskeletal system in general^[@CR14]^.

In order to develop new therapeutic approaches and study the mechanisms behind the detrimental effects of cigarette smoking on development, chronic diseases as well as wound healing, several *in vitro* and *in vivo* models have been established. For instance, we, as well as others have shown that cigarette smoke extract (CSE) has detrimental effects in different cell culture models. CSE is also known to impair mesenchymal stem cell migration, as well as their osteogenic and chondrogenic differentiation potential^[@CR15],[@CR16]^. Furthermore, CSE-induced damaged has been demonstrated in osteoblasts^[@CR17],[@CR18]^, endothelial cells^[@CR19]--[@CR21]^, and fibroblasts^[@CR22],[@CR23]^. Although these models may provide important information at a molecular level, extrapolation of the results is limited, especially when it comes to understanding the response of whole organisms.

*In vivo* murine models, on the other hand, have been reported to replicate the damage in bone integrity and the compromised bone regeneration outcome in tobacco consumers as well as in people exposed to secondhand smoke^[@CR24]--[@CR26]^. These models have also been used to study the effect of exposure to cigarette total particulate matter (TPM) in skin wound healing^[@CR27]^, and to address the damage induced by cigarette smoke on the olfactory epithelium, the impairment of nasal mucosa healing and the recovery of olfactory receptor neurons^[@CR28],[@CR29]^. Finally, the chicken chorioallantoic membrane assay has been used to study the atrophies induced by cigarette smoke condensates and TPM on the integrity of the microvasculature^[@CR30]^.

However, most of the above described models are either difficult, laborious, or expensive to implement, and fail to replicate or distinguish the complex effects of acute versus chronic cigarette smoke exposure in a whole organism. Additionally, some of the reported studies only use nicotine or TPM, which do not represent the mixture of more than 4700 different toxic molecules present in cigarette smoke^[@CR31]--[@CR33]^ therefore limiting the scope of their findings. In this regard, the zebrafish has become a powerful model for toxicological studies given its many advantages. Among others, its small size at the embryonic and larval stages, large number of offspring, optical transparency, permeability, availability of transgenic lines, and rapid development in an aqueous environment. Additionally, both, its cardiovascular and innate immune systems are homologous to human, which makes them ideal to study cellular interactions *in vivo*^[@CR34]^. To date, some studies have already addressed the effects of cigarette smoke extracts on larval development, and compared them to the effects of nicotine alone^[@CR35],[@CR36]^. Furthermore, the toxicity of other alternative forms of nicotine intake, such as electronic cigarettes or snuffing, and also passive smoking through side stream smoke and third-hand smoke have been addressed using the zebrafish embryo and larvae as a models^[@CR37]--[@CR39]^. Yet, the effect of cigarette smoke exposure on zebrafish regeneration remains to be addressed.

The caudal fin of the zebrafish represents a unique and tractable model to study complex tissue regeneration. After transection of a defined segment of the caudal fin, the fin is capable to faithfully regenerate within 10--14 days. Bone, skin, blood vessels, nerves and sensory organs all return to their normal appearance and function as a result of epimorphic regeneration^[@CR40]^. This appendage has the additional advantage of being thin and therefore transparent enough to allow the visualization of cell-cell interactions and tissues in the living animal, a feature powerfully complemented by the availability of transgenic strains expressing fluorescent proteins in diverse tissue types and organs. In this work, we decided to evaluate whether the zebrafish model could be established to study the toxic effects of fresh whole cigarette smoke extracts during embryonic and larval development, as well as a model for smoke-dependent impaired tissue regeneration in adult tissues.

Material and Methods {#Sec2}
====================

Zebrafish breeding and animal housing {#Sec3}
-------------------------------------

Zebrafish (*Danio rerio*) embryos from the wild type AB strain, or the transgenic strain *Tg*(fli1a:EGFP)y1^[@CR41]^ were obtained from our breeding colony. All embryos were collected by natural spawning and raised at 28.5 °C in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.3 mM MgSO4, and 0.1% methylene blue, adjusted to pH 7.0) in Petri dishes. Egg water was changed daily. Embryonic and larval ages are expressed in hours or days post-fertilization (hpf or dpf). Adult zebrafish were maintained under monitored water conditions (28.5 °C, pH 7--7.3, 600--800 μS), in 14:10 light-dark cycle conditions, at a density of 3--4 fish/1 L, and daily fed with *Artemia salina*, dry flake food (Tetra, Spectrum Brands, USA) and dry particularized food (Gemma, Skretting, Norway). Animals were anesthetized with MS-222 (Tricaine, A5040, Sigma-Aldrich, MO, USA) before each experiment. All procedures complied with the "Guidelines for the Use of Fishes in Research Use" of the American Fisheries Society (Use of Fishes in Research- Committee, a joint committee of the American Fisheries Society, the American Institute of Fishery Research Biologists, and the American Society of Ichthyologists and Herpetologists. 2014. Guidelines for the use of fishes in research. American Fisheries Society, Bethesda, Maryland. [www.fisheries.org](http://www.fisheries.org)), and were approved by the Animal Ethics Committee of the University of Chile.

Generation of cigarette smoke extracts {#Sec4}
--------------------------------------

Cigarette smoke extracts (CSE) were obtained as described before^[@CR15]^. Briefly, CSE was generated by bubbling the combustion of three cigarettes of a popular commercial brand with their filter removed, into 25 ml egg-water using a 125 mL gas washing bottle with two exits, one connected to a vacuum pump and the other one especially adapted to hold the cigarette. Suction is accomplished through the negative pressure induced by the vacuum pump, and regulated to achieve a standardized smoking time of 3-minutes per cigarette. This CSE-stock solution was then diluted to the described concentrations in each experiment (v/v) before administration to the zebrafish. Both CSE-stock solution and dilutions were always freshly prepared before exposure.

Exposure of larva zebrafish to CSE and determination of LC50 {#Sec5}
------------------------------------------------------------

3--5 hpf embryos were incubated with different concentrations of CSE for 96 hours at 28.5 °C. Besides survival, following parameters were chosen to evaluate the development of the embryos:edema formation: scored by presence/absence of edema.normal heart beat: less than 1 beat/sec was considered abnormal; normal embryonic heart rate is 120--180 beats per minute^[@CR42]^.blood circulation: complete lack of circulation of erythrocytes observed in the posterior part of the body.head-trunk angle: less than 30° compared to the respective angle according to the developmental state was considered abnormal^[@CR43]^.somite development: a difference ≥2 in the number of somite according to the developmental state was considered abnormal^[@CR43]^.otic vesicles: no formation of the elliptic otic vesicle (24 hpf), no distinguishable otholiths (48 hpf), or abnormal shape of the otic vesicle (72--96 hpf) were considered abnormalities.eyes: abnormal phenotype considered a decreased size of the eyes compared to non-treated controls or non-uniform eye pigmentation.pigmentation: absence of black melanocytes over the yolk, head or caudal fin (48 hpf) or along the notochord (72--96 hpf) was considered abnormal.swim bladder: no development (inflation) of the swim bladder or incapability to swim at 96 hpf was considered abnormal.spontaneous movement inside the chorion: no twisting behavior within one minute at 24 hpf was considered abnormal.swimming response to mechanical stimulation: 48--96 hpf larvae were touched with a pipette tip, slow or no response to the stimulus was considered abnormal.eclosion: "free larvae", the percentage of larvae outside their chorion was calculated at 48--96 hpf.

Vascular development was evaluated using transgenic Tg(fli1a:EGFP)^y1^ embryos. The formation and connection of the five intersegmental blood vessels (ISVs) anterior to where the extension of the yolk connects to the urogenital opening were observed as a practical measure to assess correct vascular development (angiogenesis) after 24 hours of exposure to CSE. In order to determine the median lethal concentration of CSE (LC50), the number of dead embryos, e.g. when neither heart beat nor circulation were detected, was estimated following the OCDE fish embryo toxicity test (zFET) protocol and data were then subjected to the Probit analysis^[@CR44]^.

Exposure of adult zebrafish to CSE {#Sec6}
----------------------------------

Zebrafish, of the indicated ages and sex, were selected and randomly divided into groups. CSE was generated as described above, and CSE-dilutions were prepared in fish water as stated in the experiment description. Experimental fish were exposed to different concentrations of CSE while held individually in separate compartments at a minimum of 400 ml water per fish. Fish were fed as usual, and fish water was changed daily maintaining the respective CSE-concentration in the water for the duration of the experiment.

Caudal fin amputation procedure {#Sec7}
-------------------------------

Wild type and Tg(fli1a:EGFP)^y1^ transgenic adult fish were maintained in 0.25% CSE- fish water for 10 days, with daily water changes as described above. Caudal fin amputation was performed on anesthetized animals using razor blades as described before^[@CR45]^. Treatment with 0.25% CSE-fish water continued for 10 days post-amputation, while fish water was exchanged accordingly in the control group. Zebrafish regarded as "young" (N ≥ 22) were 6--12 months old, while "aged" fish (N ≥ 10) were 18--24 months old and chosen randomly in regard to gender. For experiments comparing female (N ≥ 15) and male fish (N ≥ 15), individuals of the same age were used.

Zebrafish visualization {#Sec8}
-----------------------

Zebrafish embryos and larvae were anesthetized and evaluated in regards to the parameters described above using a dissecting microscope. For bright field imaging zebrafish embryos and larvae were fixed in 4% paraformaldehyde, and mounted in 1% low-melt point agarose (BM-0133, Winkler, Chile). For confocal imaging of the GFP-labelled fish vasculature at 24 hpf, transgenic larvae were dechorionated, anaesthetized and mounted. Then, Z-stacks were taken at a distance of 5 μm between layers (Zeiss LSM 510 confocal microscope, Plan-Neofluar 25×/0.8 Imm corr DIC, Carl Zeiss AG, Germany) from which Z-projections were made and merged to create the final image using the ImageJ software^[@CR46]^. Wild type and Tg(fli1a:EGFP)^y1^ transgenic adult fish were anesthetized for caudal fin imaging, pictures were taken under a fluorescent stereoscope (Olympus MVX10, Olympus Corporation, Japan) and returned to their tanks for recovery.

Quantitative evaluation of fin regeneration and re-vascularization {#Sec9}
------------------------------------------------------------------

The caudal fin regeneration progress was monitored by imaging the re-growing fin tissue every 2 days under a stereoscope (Olympus MVX10, Olympus Corporation, Japan). Fin regeneration was quantified by digitally measuring the area from these images using ImageJ^[@CR46]^. In order to compare the regeneration potential, we calculated the "regeneration speed" based on the slope obtained by linear regression analysis of the fin area measurements. To determine the degree of neovascularization within the regenerating caudal fin tissue, a ratio of the area covered by the GFP-labelled fish vasculature and the complete regenerated fin area was created. Area measurements were obtained by blinded image analysis using the software ImageJ^[@CR46]^.

Statistical analysis {#Sec10}
--------------------

Results were gathered from at least 3 independent experiments. Data is expressed as mean ± SD. To calculate statistical relevance, two-tailed student's t-test or one-way ANOVA followed by Dunnett's test were used to compare differences between experimental and control groups according to the experiment. Difference among means was considered significant when p ≤ 0.05.

Data availability {#Sec11}
-----------------

The datasets generated during the current study are available from the corresponding author on reasonable request.

Results {#Sec12}
=======

In order to evaluate whether zebrafish represents a viable model to study the toxicity of aqueous cigarette smoke extracts (CSE), 3--5 hpf embryos were incubated for 96 hours with different concentrations of CSE. CSE toxicity showed to be both concentration- and exposure time-dependent, and obvious effects were observed by light microscopy, ranging from decreased pigmentation at low concentrations to death at higher doses (Fig. [1A](#Fig1){ref-type="fig"}). While embryos were able to survive in E3 containing 0.25% CSE during the entire experiment, concentrations above 1% CSE were lethal to a significant percentage of the animals already after 24 hours of exposure (Fig. [1,B and B'](#Fig1){ref-type="fig"}). Meanwhile exposure to 0.5% CSE resulted in a significant mortality of the larvae after 72 hours. Based on the FET-Test standard and Probit analysis of the data, we calculated the median lethal concentration of CSE to be 1.47 ± 0.04, 1.09 ± 0.01, 0.79 ± 0.03 and 0.54 ± 0.0 (%, v/v) for 24, 48, 72, and 96 hours of treatment, respectively.Figure 1Evaluation of cigarette smoke toxicity in zebrafish. 3--5 hpf zebrafish embryos were subjected to increasing concentrations of CSE for 96 hours. Representative pictures of the larvae after 48 hours of treatment are shown (**A**). Zebrafish survival was recorded daily, showing a dose-dependent lethal effect of continuous CSE-exposure in zebrafish larvae (**B**,B'). Results were acquired from three independent experiments, using a total of N ≥ 120 embryos for each condition. \*p \< 0.05. Scale bar represents 200 μm.

Moreover, even low doses of CSE had severe effects on the development of zebrafish embryos and larvae. For instance, exposure to 0.25% CSE already induced a significant developmental delay as seen in the deviation from the normal head-trunk angle in 24 hpf embryos (Fig. [2A)](#Fig2){ref-type="fig"}. 0.5 % CSE was enough to significantly impair proper somite development (Fig. [2B](#Fig2){ref-type="fig"}), formation of otic vessicles (Fig. [2C](#Fig2){ref-type="fig"}), eyes (Fig. [2D](#Fig2){ref-type="fig"}), and pigmentation (Fig. [2E](#Fig2){ref-type="fig"}) in 96 hpf larvae. This concentration also increased the percentage of edema formation by 10% compared to the control embryos at 24 hpf (Fig. [2F](#Fig2){ref-type="fig"}), while affecting the larvae heart beat and circulation significantly at 48 hpf (Fig. [2G,H](#Fig2){ref-type="fig"}). In addition, swim bladder inflation and eclosion were also affected by 0.25% CSE (Fig. [2I,K](#Fig2){ref-type="fig"}), thus seriously compromising the future survival of the larvae. In addition, embryos displayed inability to move spontaneously after exposure to 1.0% CSE for 24 hours (Fig. [2J](#Fig2){ref-type="fig"}), while the larvae, which were able to survive to CSE-dilutions over 1%, were not motile at 96 hpf anymore (Fig. [2L](#Fig2){ref-type="fig"}).Figure 2Effects of cigarette smoke on zebrafish embryonic and larval development. The effect of increasing CSE-concentrations on zebrafish development at different embryonic and larval stages was evaluated and compared to a non-treated control (0.00% CSE) and based on the following parameters: normal head-trunk angle (**A**), correct somite development (**B**), normal otic vesicle development (**C**), normal eye development (**D**), normal pigmentation (**E**), heart edema formation (**F**), normal heart rate (**G**), normal blood circulation (**H**), swim bladder inflation (**I**), spontaneous movement inside the chorion (**J**), eclosion (**K**), response to mechanic stimulus (**L**). The percentage of embryos/larvae showing the abnormal phenotype, as described in the materials and methods section, is shown. Results were obtained from three independent experiments, using a total of N ≥ 120 embryos for each condition. \*p \< 0.05.

Due its important implications in tissue regeneration, the effect of CSE on vascular development was also studied. 3--5 hpf embryos were exposed to increasing concentrations of CSE for 24 hours, and formation and anastomosis of the five most proximal intersegmental vessels (ISVs) anterior to the urogenital opening were observed for each group in living specimens. With CSE-dilutions above 0.5%, an overall delay in the extension of the ISVs from both aorta and vein was observed, while the number of completely formed and anastomosed ISVs was significantly diminished (Fig. [3](#Fig3){ref-type="fig"}). Furthermore, the constitution of vascular network in general seemed to be affected by exposure to CSE, as shown by the thinner and cell-sparse major vessels in the treated groups (Fig. [3](#Fig3){ref-type="fig"}, 1--2% CSE).Figure 3Effect of cigarette smoke on zebrafish vascular development. An impairment of intersegmental vessel (ISVs) formation and extension in one-day old transgenic *Tg*(fli1a:EGFP)^y1^ embryos was observed upon exposure to increasing CSE-concentrations for 24 hours. The number of anastomosed ISVs was quantified as a parameter for vessel maturation for the five anterior vessels proximal to the urogenital opening for each CSE-condition. Results were obtained from three independent experiments, using a total of N ≥ 90 larvae for each condition. \*p \< 0.05. Scale bars represent 100 μm.

In an effort to characterize the aqueous CSE used in this study two parameters were evaluated in both the CSE-stock solution and CSE-dilutions, namely, pH and tar-content (Supp. Fig.). The results show a high reproducibility in the experimental setup, taking into account the low standard deviation within the experimental replicates. CSE-dilutions of the extract obtained show a linear correlation with the tar content (Supp. Fig. A), which is consistent with other studies where this method was used as a bench mark^[@CR17],[@CR18]^. On the other hand, they suggest that CSE-toxicity could be linked to a change in the pH, as it decreased significantly with increasing CSE-concentrations (Supp. Fig. B), thus diverging from the near neutrality pH-range physiologically tolerated by the fish.

Once the toxic effects of CSE were well characterized in larvae, we investigated whether similar results could be observed in adult zebrafish. In contrast to larvae, adult zebrafish did not tolerate exposure to CSE concentrations above 0.5%, with only about 60% fish surviving after 10 days (Fig. [4A](#Fig4){ref-type="fig"}); exposure to 0.75% CSE caused the death of the fish within 1--2 days (data not shown). We therefore decided to work with sub-lethal CSE-concentrations for the regeneration studies. We observed a high mortality of the fish, if they were exposed to the CSE for the first time right after the fin amputation, so we included a pre-conditioning treatment in our protocol. Thus, the adult fish were pre-conditioned for 10 days by being kept in 0.25% CSE-fish water, with a daily change of water containing freshly prepared CSE-stock solution, while control fish were maintained in similar compartments with a daily water change. Next, control or treated fish were subjected to caudal fin amputation, and the progress of fin regeneration over time was documented by imaging the regenerating tissue every second day (Fig. [4C](#Fig4){ref-type="fig"}). After treatment we did not observe tissue necrosis, external signs of inflammation or changes in the general behavior in the experimental group. However, quantification of the regenerating area showed that treatment with CSE significantly decreased the size of the regenerated area from day 4 onward as compared to the control group (Fig. [4B,C](#Fig4){ref-type="fig"}).Figure 4Effect of cigarette smoke on adult zebrafish survival and regeneration potential. The lethal effect of CSE was studied in 6--12 month adult zebrafish exposed to increasing dilutions of cigarette smoke extract for 10 days. Results represent three independent experiments, using a total of N ≥ 15 zebrafish for each condition (**A**). Zebrafish, which underwent tail fin amputation showed diminished regeneration capacity, when exposed to a pre- and post-conditioning treatment with non-lethal concentrations of CSE (0.25%, 20-day treatment in total), as shown by the diminished regenerated fin tissue compared to non-treated condition. Results were obtained from three independent experiments, using a total of N ≥ 25 adult zebrafish for each condition (**B**,**C**). \*p \< 0.05. Scale bar represents 1 mm.

We additionally decided to evaluate whether aging and/or sex could influence the effect of CSE in regeneration of the fish caudal fin. For this, using the same experimental protocol as above, the regeneration outcome of female and male zebrafish as well young and aged fish were compared (Fig. [5A--F](#Fig5){ref-type="fig"}). As expected, all experiments showed a significantly impaired regeneration outcome in CSE-exposed zebrafish compared to their respective control group. However, our results showed that both, male (Fig. [5C](#Fig5){ref-type="fig"}) and aged (Fig. [5F](#Fig5){ref-type="fig"}) zebrafish were more susceptible to the regeneration impairment caused by CSE exposure than their counterparts, considering their "regeneration speed", which was calculated to address their potential to regrow lost tissue.Figure 5Effect of cigarette smoke in the regeneration potential of zebrafish of different gender and age. Tail fin regeneration outcome was evaluated between control and CSE-treated zebrafish of different ages and gender. While CSE affects regeneration in all conditions, note (in C) that male fish are more susceptible to the effect than female fish, and (in F) that aged fish are more susceptible than young ones. Results represent three independent experiments using a total of N ≥ 10 zebrafish for each condition. \*p \< 0.05.

Searching for potential mechanisms involved in the impaired regeneration observed in adult fish and knowing that CSE affects vascular development in embryos (Fig. [3](#Fig3){ref-type="fig"}), we analyzed the effects of CSE on the revascularization process that occurs after fin amputation. Surprisingly, we found that vascular density in the regenerating area was not affected by the presence CSE, when compared to the control group (Fig. [6](#Fig6){ref-type="fig"}). This finding suggests that this mechanism in particular is not being affected by the CSE treatment in the course of the regeneration process.Figure 6Effect of cigarette smoke extract in adult zebrafish vascular regeneration. Adult *Tg*(fli1a:EGFP)^y1^ zebrafish were exposed to a 0.25% dilution of CSE for ten days before, and 10 days after tail fin amputation. The rate of revascularization was calculated using the signal of the fin fluorescent endothelial cells and normalized to the total regenerated area. While exposure to CSE limited fin regrowth in the treated group, re-vascularization of the fin was not affected. Results were obtained from three independent experiments using a total of N ≥ 20 zebrafish for each condition. \*p \< 0.05. Scale bars represent 1 mm.

Discussion {#Sec13}
==========

It has been estimated that tobacco use is currently responsible for the death of about six million people worldwide every year and, by the year 2030, smoking will become the major source of death and disability, with the number increasing to 10 million deaths per year^[@CR1],[@CR2]^. Furthermore, given that there are over 1.1 billion people smoking tobacco at the present day, this will become an even major issue in the clinical practice and will cost hundreds of billions to health care systems due postoperative complications and poor recovery prognosis^[@CR1],[@CR2]^.

Although the toxic effects of cigarette smoking have been widely investigated, the exact mechanisms behind their negative impact in wound healing are not fully understood, which is why the need for new and reliable *in vivo* models is urgent. In this work we were able to validate the zebrafish as a bioassay system to study the toxic effects of an aqueous cigarette smoke extract. This extract was prepared from the combustion of three cigarettes of a popularly commercially available tobacco brand as we described before^[@CR15]^, but, in this case, highly diluted in fish water or larvae growing medium. This approach is similar to the one used recently by other groups^[@CR38],[@CR47]^, and has the advantage of allowing the rapid exposure of the test system to the freshly obtained extract, unlike other methods that use filters or DMSO-supplemented dilutions from the collected particulate^[@CR35],[@CR36]^. This is important, as it is well described that fresh cigarette smoke consists of a particulate solid phase, known as cigarette tar, that contains very high concentrations of stable free radicals, but also of a mixture of numerous chemicals, reactive oxygen species (ROS), volatile organic compounds and a great variety of carbon- and oxygen-centered reactive radicals of short lifetimes found in the smoke gas phase^[@CR32]^. In order to better mimic the smoking condition in humans, smoking rate as well as the number of cigarettes were chosen to approximate the conditions defined as light smoking, which nevertheless has already been correlated to substantial health risks^[@CR48]^.

Our results show that CSE is highly noxious for zebrafish, and even low dilutions such as 0.25% CSE were toxic enough to elicit major developmental changes in the zebrafish embryos and larvae, while concentrations above 0.5% CSE were found to be lethal after 96 hours of exposure (Fig. [1](#Fig1){ref-type="fig"}). Yet, it is important to note, that the extraction method described in this paper is likely to exclude most lipophilic molecules, thus representing only a fraction of the repertoire of toxic compounds of cigarette smoke and, therefore, further studies should address this issue in more detail. In this regard, we intended to validate the consistency of CSE preparation with our experimental setup by monitoring pH and tar-content of the CSE and CSE-dilutions used (Supp. Fig.). However, while the results obtained support the reproducibility of the protocol, a proper chemical analysis of the sample would be necessary to determine the exact composition of the obtained aqueous CSE, and hence the identity of the toxins the fish are being exposed to. Also, it would be interesting to investigate if CSE-toxicity could be mitigated by using a buffer that compensates the acidification of the medium caused by CSE.

However, our observations regarding the effect of CSE on zebrafish development (Fig. [2](#Fig2){ref-type="fig"}), mostly agree with previous results recently reported by other groups. For instance, decreased heart beat and circulation defects, as well as heart malformation, pericardial edema formation and disrupted angiogenesis^[@CR35],[@CR36],[@CR38]^. Additionally, other hallmarks of developmental retardation such as impaired hatching and motion^[@CR37],[@CR39]^ have all been described to have a dose-dependent correlation with CSE-exposure. Furthermore, these observations correlate with the most significant smoking-induced pathologies reported in unborn children such as intrauterine growth retardation, fetal heart defects, neurological development, and congenital malformations^[@CR49]^. Hence, the evidence gathered in all these studies strongly supports the use of the zebrafish as a reliable model to study the adverse effects of smoking during pregnancy.

Because angiogenesis plays a key role in wound healing and regeneration, and it has been found to be altered in smoking-related impaired wound healing^[@CR50],[@CR51]^, we decided to investigate the effect of CSE in the angiogenic process observed during blood vessel development. For this, we focused in the formation of the intersegmental vessels, which have been proposed and validated as an advantageous zebrafish-based angiogenesis assay^[@CR34],[@CR52],[@CR53]^. After exposure to CSE a significant impairment in the ISV development caused by CSE exposure was observed (Fig. [3](#Fig3){ref-type="fig"}), shown by the inability of ISVs to elongate and anastomose to neighboring ISVs when zebrafish embryos were treated with over 0.5% CSE. While this could be a side effect of the developmental retardation caused by CSE (Fig. [2A,B](#Fig2){ref-type="fig"}), it was interesting to note that a lower CSE-concentration, that did affect developmental timing (0.25% CSE, Fig. [2A](#Fig2){ref-type="fig"}), did not influence ISV development significantly (0.25% CSE, Fig. [3](#Fig3){ref-type="fig"}). Nevertheless, our result agrees with the observations reported using a CAM-assay model, where the construction and integrity of the secondary and tertiary vasculature was compromised in the presence of CSC and TPM^[@CR30]^.

After studying the toxicity and effects of CSE on embryonic development, we then decided to investigate the effects of CSE on the regenerative capacity of adult zebrafish, and explore the possibility of establishing a new *in vivo* model to study the impaired regeneration capacity described in smokers. Even though, it has been shown that the regeneration process in zebrafish larvae follows similar cellular and molecular mechanisms compared to adult regeneration^[@CR54]^, adult zebrafish tissues are considered to be more complex, as they are built out of different cell types with specific structure and function, with both cell state plasticity and epigenetic programming. Therefore, the use of adult zebrafish may represent a more accurate preclinical regeneration model than its larval stages. In this regard, adult caudal fin regeneration is one of the better established and best understood regeneration *in vivo* models available to date^[@CR40],[@CR55]^.

In order to evaluate the effect of CSE in caudal fin regeneration, adult zebrafish survival was evaluated after exposure to serial dilutions of CSE for a period of time of 20 consecutive days. We discovered that CSE dilutions over 0.5% CSE were lethal for the zebrafish, which would correspond to 0.6 ·10-3 cigarettes/ml (Fig. [4A](#Fig4){ref-type="fig"}), and would be consistent to what Progatzky *et al*. reported as lethal for adult zebrafish after 24 hours (1.0·10-3 cigarettes/ml)^[@CR47]^. Unexpectedly, adult fish were significantly more sensitive than larval stage animals. A detailed study of the molecular mechanisms that protect fish at early stages, could not only help to understand the nature of cigarette smoke toxicity, but also be used to develop new strategies to decrease its toxicity for smokers.

Our results showed that, after amputation, the regenerated area of the fin was significantly smaller when fish were exposed to CSE (Fig. [4B,C](#Fig4){ref-type="fig"}), resembling the impaired wound healing outcome observed in smokers. Furthermore, male fish as well as aged fish appeared to be the most susceptible groups to CSE-exposure (Fig. [5C,F](#Fig5){ref-type="fig"}), given the decreased speed at which they were able to regrow the lost tissue. Moreover, if the averaged final regenerated area of each treated group is placed in relation to the averaged regenerated area of their respective control group, we see that young fish (31.2 ± 1.6% reduction in growth) and female (33.7 ± 1.5% reduction in growth) zebrafish are less affected than male (35.5 ± 1.8% reduction in growth) or aged fish (37.7 ± 1.2% reduction in growth). However, statistical analysis (one-way Anova) in this case did not reveal a significant difference among the groups, partly because of the heterogeneity in the number of individuals belonging to each group, and partly because of lack of a proper normalization constraint in our experimental setup (*e*.*g*. fin area of each fish before amputation). According to the literature, there is no difference between the male and female zebrafish caudal fin regenerative potential^[@CR56]^. On the other hand, aging has been reported to affect the ability of zebrafish to restore lost tissue^[@CR57]^. In this regard, while cigarette smoke is well-known to accelerate skin aging^[@CR3]^, sex hormones, such as female estrogens, have been shown to play a role in age-related wound-healing deficits^[@CR5]^. Further experiments would be necessary to elucidate the exact mechanisms affected by CSE in each of these target groups, as well as whether age affects female and male zebrafish equally.

In order to search for a physiological mechanism that could partially explain the detrimental effects of CSE in caudal fin regeneration, we investigated whether exposure to CSE could have had an effect in angiogenesis of the adult zebrafish, and consequently, in the regeneration of the fin. Angiogenesis is one of the key mediators for fin regeneration^[@CR58]^, and moreover, CSE-induced angiogenesis impairment has already been shown in other *in vitro*^[@CR59],[@CR60]^ and *in vivo* models^[@CR27],[@CR30],[@CR61]^. Furthermore, CSE has an effect on zebrafish angiogenesis at larval stages (this study). Yet, surprisingly, CSE exposure had no effect on the re-vascularization capacity of the exposed zebrafish. There are two additional mechanisms, which could potentially be involved in the regeneration impairment as a result of CSE exposure. First, we and others have previously shown that CSE is highly oxidative and, what is more, that by targeting CSE toxicity with antioxidant strategies it is possible to ameliorate the detrimental effects of CSE in *in vitro* approaches^[@CR17],[@CR18],[@CR62]^ and in zebrafish larval development^[@CR63],[@CR64]^. While reactive oxidative species (ROS) are required for proper wound healing as signaling molecules and antibacterial agents^[@CR65],[@CR66]^, sustained oxidative stress and increased presence of ROS triggers an abnormal inflammatory response, which has been widely reported in smokers^[@CR67]--[@CR69]^. Secondly, and directly related to this, it has been recently shown that cigarette smoke triggers aberrant inflammatory responses in the adult zebrafish gills. The authors reported dramatic morphological changes, such as lamellar fusion and epithelial cell hyperplasia, as well as a reduction in the number of neutrophils in the zebrafish gills following acute exposure to CSE^[@CR47]^. Hence, further studies should address whether the decreased regeneration potential is triggered by inflammatory mechanisms and whether it could be rescued by the use of antioxidative molecules. Additionally, further studies should investigate the effect of CSE in other processes that have been partially addressed in other models, such as proliferation^[@CR70]^, apoptosis rate^[@CR71]^, correct chondrogenesis, as well as callus formation and bone differentiation^[@CR72]^. Finally, the potential of the zebrafish model presented here could be maximally exploited, if other reporter transgenic zebrafish lines were used to track cell-type specific migration and differentiation, as well as to address faithful tissue restoration *in vivo* and over the entire regeneration window of time, in order to understand how exactly exposure to cigarette smoke affects regeneration and diminish its toxic effects.

Conclusion {#Sec14}
==========

In this work, we describe the use of the zebrafish caudal fin as model to study the toxic effect of cigarette smoke exposure and as a new tool to further study the mechanisms involved in CSE-impaired regeneration for the first time. We believe its advantages above other *in vivo* models make it a valuable tool for the understanding the spectrum of wound healing mechanisms affected by cigarette smoke, as well as in the development and evaluation of strategies that mitigate the damage induced in human tissues. Finally, since our approach is based on an aqueous solution in which a gas is dissolved, our model could also be used to study other air pollutants such as industrial residues or combustion products, which further affect human health worldwide.
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